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Photoionization of an atom A by a strong laser field in the presence of a spatially well-separated
neighboring atom B is considered. The laser field frequency is assumed to lie below the ionization
potential of atom A and be resonant with a dipole-allowed transition in atom B. In this situa-
tion, the ionization may occur either directly by multiphoton absorption from the laser field at the
first atomic center. Or via an indirect pathway involving two-center electron-electron correlations,
where the neighbor atom B is first photoexcited and, afterwards, transfers its energy upon deexci-
tation radiationlessly to atom A. Considering monochromatic as well as bichromatic laser fields, we
study various coupling regimes of the photoionization process and identify experimentally accessible
parameter domains where the two-center channel is dominant.
I. INTRODUCTION
Starting from the early days of quantum mechanics,
photoionization (PI) studies have been paving the way
towards an increasingly deep and thorough understand-
ing of the structure and dynamics of matter on a micro-
scopic scale. Nowadays this is accomplished by kinemat-
ically complete experiments [1] which allow us to put the
most advanced photoionization theories to the test.
In various PI mechanisms, electron-electron correla-
tions play a crucial role. Well-known examples are single-
photon double ionization and resonant PI. The latter pro-
cess relies on resonant photoexcitation of an autoionizing
state, with subsequent Auger decay. In recent years, a
similar kind of ionization mechanism has extensively been
studied in systems consisting of two (or more) atoms.
Here, a resonantly excited atom transfers its excitation
energy radiationlessly via interatomic electron-electron
correlations to a neighbouring atom leading to its ioniza-
tion. This Auger-like decay involving two atomic centers
is referred to as interatomic Coulombic decay (ICD) [2–
4]. It has been observed in a variety of systems, compris-
ing noble gas dimers [5], clusters [6] and water molecules
[7]. Similar intersite energy transfer mechanisms occur
in slow atomic collisions [8], between Rydberg atoms in
ultracold quantum gases [9] and as Fo¨rster resonances
between chromophores [10].
As a closely related process, we have theoretically stud-
ied resonant two-center photoionization (2CPI) in het-
eroatomic systems, consisting of an atom A and a well-
separated atom B of different species [11]. It turns out
that this ionization channel can be remarkably strong
and can dominate over the usual single-center PI by or-
ders of magnitude. The photon energy was assumed to
exceed the ionization potential of atom A, rendering the
absorption of a single photon already sufficient to pro-
mote the electron into the continuum. Such a process
was experimentally observed in helium-neon dimers us-
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ing synchrotron radiation [12]. Calculations on PI in two-
atomic systems were also presented in [13, 14]. Besides,
resonant two-photon ionization in a system of two iden-
tical atoms was analyzed [15]. The influence of a second
neighbor atom [16] and collective effects in a multiatom
ensemble [17] were studied as well.
With the advent of free-electron lasers, it has become
possible to study interatomic autoionization processes
also in intense photon fields of high frequency [18]. In
particular, time-resolved pump-probe measurements of
ICD in neon dimers have been performed, where the au-
toionizing state was populated by resonant one-photon
[19] or two-photon absorption [20]. Correlated electronic
decay process and Penning-type ionization have also been
observed in clusters and nanodroplets after irradiation
by free-electron lasers [21, 22]. Very recently, such in-
teratomic processes were found to occur as well in clus-
ters exposed to non-resonant infrared laser fields of high
intensity, where an efficient energy transfer between ad-
jacent electrons may proceed due to Rydberg-state for-
mation in a nanoplasma [23]. Theoreticians also studied
strong-field control of ICD in quantum-dot systems [24].
Motivated by these developments, we generalize in
the present paper our consideration of the 2CPI process
to electron correlation-driven photoionization in strong
laser fields. The laser frequency is assumed to lie below
the ionization potential of an atom A, which is to be ion-
ized, and to be resonant with a dipole-allowed transition
between bound states in a neighboring atom B. The ab-
sorption of multiple photons from the laser field is thus
required to promote the electron into the continuum (see
Fig. 1). It is assumed that no bound-state resonances are
hit in atom A. We shall develop a theoretical description
of the two-center ionization process which is based on the
strong-field approximation to describe the interaction of
the active electron in atom A with the laser field. For
the resonant coupling of the laser field to atom B, two
different cases will be considered, where this coupling is
either relatively weak or rather strong. The interatomic
interaction will be treated as a perturbation throughout.
Monochromatic as well as bichromatic laser fields will be
considered, with the focus lying on the latter case. By
considering suitable two-center model systems we shall
2FIG. 1: Scheme of strong-field two-center photoionization in a
bichromatic laser field. An assisting atom B is first resonantly
photoexcited and, subsequently, transfers the excitation en-
ergy to atom A. In combination with the energy of several
other photons, which are simultaneously absorbed from the
laser field, atom A is ionized. If the amplitude of the second
frequency mode is rather high, the states of atom B become
strongly coupled, as indicated in the picture.
show that the photoionization of atom A can be dom-
inated by the two-center channel for parameters which
are experimentally accessible.
Our paper is organized as follows. In Sec. II a the-
oretical approach to strong-field PI in two-center sys-
tems is developed which is based on the strong-field ap-
proximation describing the emitted photoelectron by a
Volkov state. We will start with considering monochro-
matic laser fields (Sec. II.A) and afterwards treat bichro-
matic laser fields (Sec. II.B). In both scenarios, the
cases of weak and strong laser-atom coupling will be
distinguished and their qualitatively different features
revealed. In Sec. III our theoretical findings are illus-
trated by some numerical examples, which compare the
strengths of various single-center and two-center ioniza-
tion channels. Our conclusions are given in Sec. IV.
Atomic units (a.u.) are used throughout unless other-
wise stated.
II. THEORETICAL FRAMEWORK
In order to understand the basic physics of 2CPI in
strong laser fields, we consider photoionization in a very
simple atomic system consisting of two atoms (A and B)
each having just one “active” electron. Both are initially
in their ground states and separated by a distance R
large enough, that one can still speak about individual
atoms. Let us further suppose that the atomic nuclei
having charge numbers ZA and ZB, respectively, are at
rest. We shall take the position of the nucleus ZA as the
origin and denote the coordinates of the nucleus ZB, the
electron of the atom A and that of the atom B by R, r
and r′ = R + ξ , respectively, where ξ is the position
of the electron of atom B with respect to the nucleus ZB.
A. Monochromatic laser field
We first consider two-center photoionization in a
monochromatic laser field A(t) of frequency ω, which is
taken in the dipole approximation. For definiteness, the
latter is assumed to be linearly polarized,
A(t) = A0 cos(ωt)e . (1)
The corresponding electric field amplitude is F0 =
ω
c
A0.
Two different limiting cases will be considered. They are
distinguished by the relative value of the Rabi frequency
ΩB ∼ F0a0, which is associated with the dipole transi-
tion in atom B, as compared with the radiative width
ΓB of the excited state in atom B. Here, a0 denotes the
Bohr radius. First, we shall discuss the case of intense
laser fields whose amplitude, still, is small enough that
the coupling to atom B may be treated perturbatively
(ΩB ≪ ΓB). Afterwards, the opposite case of nonpertur-
bative strong coupling is treated, where the dynamics is
determined by the Rabi frequency (ΩB ≫ ΓB).
1. Perturbative coupling of the field to atom B
Two-center ionization involving the absorption of a sin-
gle photon from such a field was studied in [11]. In the
regime of low field intensities, the process can be calcu-
lated starting from the second-order amplitude
S
(m)
2 = i
∫ ∞
−∞
dt 〈Ψp0|VˆAB |Ψ01〉 e−i(E01−Ep0)t
×〈Ψ01|WˆB|Ψ00〉 e
−i(E00−E01+ω)t
E00 − E01 + ω + i2ΓB
= 2πi
〈Ψp0|VˆAB |Ψ01〉 〈χ1|WˆB |χ0〉
ǫ0 − ǫ1 + ω + i2ΓB
δ(ε0 − εp + ω)
(2)
Here and henceforth, the superscript “(m)” will be used
to indicate the monochromatic case. The relevant two-
electron configurations involved in this expression are:
(I) Ψ00 = ϕ0(r1)χ0(ξ) with total energy E00 = ε0 + ǫ0,
describing both electrons in the corresponding ground
states ϕ0 and χ0; (II) Ψ01 = ϕ0(r1)χ1(ξ) with total en-
ergy E01 = ε0 + ǫ1, in which the electron of the atom A
is in the ground state while the electron of the atom B
is in the excited state χ1; and (III) Ψp,0 = ϕp(r)χ0(ξ)
with total energy Ep0 = εp + ǫ0, where the electron of
the atom A is in a continuum state ϕp and the electron
of the atom B in the ground state. ΓB denotes the ra-
diative width of χ1. The photoexcitation of atom B is
induced by the interaction term
WˆB =
A0
2c
pˆB · e , (3)
with pˆB denoting the momentum operator of the electron
at center B, whereas the interaction between the atomic
3transition dipoles is governed by
VˆAB =
r · ξ
R3
− 3(r ·R)(ξ ·R)
R5
. (4)
Accordingly, the first matrix element in Eq. (2) describes
the photoexcitation of atom B and the second matrix el-
ement describes the interatomic energy transfer, leading
to ionization of atom A. The δ function expresses the
energy conservation in the process.
The generalization of Eq. (2) to account for the pos-
sibility of multiphoton absorption by atom A can be
achieved by using the strong-field approximation (SFA)
[25]. The continuum state ϕp(r) e
−iεpt is replaced by a
Volkov state
ψ(A)
p
(r, t) =
eip·r√
V
exp
(
− i
2
∫ t
[p+
1
c
A(t′)]2dt′
)
(5)
which is taken in the velocity gauge. Here, V denotes
the normalization volume. The corresponding transition
amplitude can be written as
S
(m)
2 = i
∫ ∞
−∞
dt 〈ψ(A)
p
χ0|VˆAB |ϕ0χ1〉 e−i(ε0+ω)t
× 〈χ1|WˆB|χ0〉
ǫ0 − ǫ1 + ω + i2ΓB
. (6)
The time integral can be evaluated by performing a
Fourier series expansion based on the generating func-
tion of the Bessel functions [see Eq. (18) below]. Then,
the transition amplitude adopts the form
S
(m)
2 =
2πi√
V
∞∑
n≥n0
〈eip·rχ0|VˆAB |ϕ0χ1〉 〈χ1|WˆB |χ0〉
ǫ0 − ǫ1 + ω + i2ΓB
×Cn δ(ε0 − εp − Up + nω) . (7)
Assuming hydrogenlike wavefunctions for the bound
states, the spatial intergrations in the matrix elements
can be performed by elementary means. The summation
index n counts the number of photons absorbed in the
process; n0 is the smallest integer with nω+ ε0−Up ≥ 0,
such that the argument of the δ function can be ful-
filled. Here, Up denotes the ponderomotive energy in
the laser field. The coefficients Cn generally depend on
the field parameters and the electron momentum. For
the case of a linearly polarized laser field (1), the pon-
deromotive energy reads Up =
A2
0
4c2 and the coefficients
are given by Cn = J˜n(α, β), where J˜n denotes a gener-
alized Bessel function which is related to the ordinary,
cylindrical Bessel functions through the identity [26]
J˜n(α, β) =
∑
ℓ
Jn−2ℓ(α)Jℓ(β) , (8)
where
α =
A0
cω
p · e , β = − A
2
0
8c2ω
. (9)
From the amplitude (7), the monochromatic two-center
ionization rate is obtained by taking the absolute square
and integrating over the outgoing electron momenta:
R(m)2 =
1
T
∫
V d3p
(2π)3
∣∣∣S(m)2
∣∣∣2 , (10)
where T denotes the interaction time.
We point out that more advanced SFA theories than
the basic one applied in Eq. (6) exist as well (see, e.g.,
[27] and references therein). In this paper, however,
our main goal is to reveal the relative importance of
strong-field 2CPI as compared with the corresponding
well-established single-center ionization process. The ra-
tio of both rates is therefore most relevant for us. Since
both rates will be calculated within the same basic SFA
formalism, this ratio will be less sensitive to the applied
approximation than the separate rates are.
2. Nonperturbative coupling of the field to atom B
A laser field which is resonant with the transition
in atom B can drive Rabi oscillations between the
ground and excited states χ0 und χ1. The correspond-
ing Rabi frequency ΩB induces a splitting of the level
(quasi)energies due to the dynamic Stark effect. If this
splitting is larger than the width ΓB due to spontaneous
radiative decay, another theoretical description of 2CPI
than in Sec. II A 1 is necessary.
The strong coupling between the laser field and atom
B requires a nonperturbative treatment. This can be
achieved by using field-dressed bound states instead of
the stationary states χ0 and χ1 of atom B. They can be
written as
Φ±(ξ, t) =
[
(∆∓ ΩB)eiωtχ0(ξ) + 2W10χ1(ξ)
]
× e
−iǫ±t√
(∆∓ ΩB)2 + 4|W10|2
, (11)
with the detuning ∆ = ǫ0 + ω − ǫ1, the Rabi fre-
quency ΩB =
√
∆2 + 4|W10|2, W10 = 〈χ1|WB |χ0〉, and
ǫ± =
1
2 (ǫ0 + ǫ1 + ω ∓ΩB). In the derivation of Eq. (11),
the rotating wave approximation has been used and the
interaction with the field is assumed to be switched on
adiabatically [28, 29].
The field-dressed states Φ± are now used as basis
states for the combined system “atom B + laser field”.
The only remaining interaction is the interatomic dipole-
dipole coupling, which is treated in the first order of per-
turbation theory, as before. The ionization amplitudes,
accordingly, have the form
S2± = i
∫ ∞
−∞
dt 〈ψ(A)
p
Φ±|VˆAB|ϕ0Φ+〉 e−iε0t . (12)
Note that, in our situation, the proper initial condition
at t→ −∞ is encoded in the state Φ+. Since the interac-
tion of atom B with the laser field has been incorporated
4in the dressed states, the structure of Eq. (12) looks sim-
pler than the second-order amplitude (6). Note, however,
that there are two partial contributions, S2+ and S2−,
which differ by the final field-dressed state in atom B.
The spatiotemporal integrations in Eq. (12) can be per-
formed in a straightforward way, resulting in a lengthy
expression which is omitted here.
Since the total final states ψ
(A)
p Φ+ and ψ
(A)
p Φ− are
orthogonal to each other, the amplitudes in Eq. (12) add
up incoherently to yield the ionization rate
R(m)2 =
1
T
∫
V d3p
(2π)3
(|S2+|2 + |S2−|2) . (13)
Before proceeding to the next section, we point out
that our consideration of the monochromatic case has
been performed mainly for reasons of completeness and
for building a bridge to our previous studies of 2CPI by
single-photon absorption [11]. Particularly in the case
of relatively weak fields – where the permissible laser in-
tensities are restricted by the condition ΩB ≪ ΓB – the
probability for multiphoton absorption is very small (see
Sec. III and also Ref. [24]). As a consequence, our main
focus in the present paper shall lie on 2CPI in bichromatic
laser fields where these limitations can be circumvented
by a proper choice of the field parameters. This more
complex case will be considered next.
B. Bichromatic laser field
Now we turn to two-center photoionization in a bichro-
matic laser field. The latter is assumed to be of the form
A(t) = A1(t) +A2(t) , (14)
with a strong, low-frequency component of circular po-
larization
A1(t) = A01 [cos(ω1t)ex + sin(ω1t)ey] (15)
and a comparably weak, high-frequency component of
linear polarization
A2(t) = A02 cos(ω2t)e , (16)
whose amplitude satisfies the relation A02 ≪ A01. The
corresponding field strengths are given by F0j =
ωj
c
A0j
for j ∈ {1, 2}. The higher frequency ω2 is assumed to
be resonant with a dipole-allowed transition in atom B.
We remark that the low-frequency field is chosen to have
circular polarization merely for reasons of computational
convenience.
In principle, each atom is subject to both fields A1
and A2. However, we may simplify our treatment con-
siderably by noting that a resonant field can couple two
bound states much more efficiently than a nonresonant
field, even though the amplitude of the former may be
much lower than the amplitude of the latter. Conversely,
an intense field of low-frequency exerts a much stronger
impact on an electron in the continuum than a weak field
of high frequency does. Therefore, to a good approxima-
tion, we shall describe the ionized electron by a Volkov
state ψ
(A1)
p (r, t) [see Eq. (5)] which includes the strong
field A1 only. With regard to atom B, we will consider
only the interaction with the resonant field A2. Its (non-
resonant) impact on atom A will instead be ignored.
As before, we shall distinguish the cases where the res-
onant field component is rather weak or relatively strong,
respectively, in terms of the relation between the in-
duced Rabi frequency and the radiative line width. We
note that, in contrast to the monochromatic laser field
of Sec. II A, a bichromatic field offers the advantage that
the amplitude of the resonant mode can be kept quite
small, without suppressing the probability for multipho-
ton absorption which can be controlled by the amplitude
of the low-frequency mode.
1. Weak resonant field
We first discuss the case, when the high-frequency field
component is weak (i.e. F02a0 ∼ ΩB ≪ ΓB). Then, its
interaction with atom B can be treated in the first or-
der of perturbation theory. Accordingly, the ionization
amplitude in the bichromatic field can be written approx-
imately as
S
(bi)
2 = i
∫ ∞
−∞
dt 〈ψ(A1)
p
χ0|VˆAB|ϕ0χ1〉 e−i(ε0+ω2)t
×〈χ1|Wˆ
(2)
B |χ0〉
∆+ i2ΓB
, (17)
where Wˆ
(2)
B =
A02
2c pˆB ·e and ∆ = ǫ0−ǫ1+ω2 is the detun-
ing. Besides, the superscript “(bi)” is used to indicate the
bichromatic case. Similarly as before, the time integral
can be evaluated by performing a Fourier series expan-
sion of the periodic parts in the Volkov states, based on
the the identity
eiα sin η =
∞∑
n=−∞
Jn(α) e
inη . (18)
Then, the bichromatic ionization amplitude becomes
S
(bi)
2 =
2πi√
V
∞∑
n≥n0
〈eip·rχ0|VˆAB |ϕ0χ1〉 〈χ1|Wˆ (2)B |χ0〉
∆+ i2ΓB
×Dn δ(ε0 − εp − Up + nω1 + ω2) . (19)
Since the strong field is circularly polarized, the coef-
ficients are given by ordinary Bessel functions, accord-
ing to Dn = Jn(α) e
inηp . Here, the argument reads
α = A01p⊥
cω1
, with p⊥ =
√
p2x + p
2
y denoting the magni-
tude of the electron momentum component which lies
in the polarization plane of the field A1, and the phase
5ηp is defined by the relations px = p⊥ cos ηp and py =
p⊥ sin ηp. The summation index n counts the number of
low-frequency photons absorbed from the field A1; n0 is
the smallest integer with nω1 + ω2 + ε0 − Up ≥ 0. The
ponderomotive energy results from the strong, circular-
polarized field and reads Up =
A2
01
2c2 .
The δ function in Eq. (19) reflects the law of energy
conservation in the process. It shows that the ionization
is achieved by combining the energy of a high-frequency
photon ω2, which has first been absorbed by atom B, and
a variable number n of low-frequency photons ω1.
From the amplitude (19), we obtain the corresponding
ionization rate R(bi)2 by an analogous expression like in
Eq. (10). It can be cast into the following form
R(bi)2 =
A202 Γ
2
B
R6
[
∆2 + 14Γ
2
B
] ∞∑
n≥n0
Fn (20)
which highlights its overall structure and main depen-
dencies. Further more detailed information such as the
interatomic geometry are encoded in the functions Fn.
2. Strong resonant field
Let us now turn to the case of a relatively strong high-
frequency field component A2, satisfying ΩB ≫ ΓB (but
still A02 ≪ A01). In the same spirit as in the previ-
ous Sec. II B 1, we may obtain the corresponding con-
tributions to the ionization amplitude by performing in
Eq. (12) the replacement ψ
(A)
p (r, t) → ψ(A1)p (r, t) and
taking states Φ±(ξ, t) in atom B which are dressed by
the resonant field A2 only. Thus, the action of the field
A2 is neglected on atom A, whereas the action of the
field A1 is neglected on atom B.
Accordingly, the two-center ionization in the bichro-
matic field is described by the transition amplitudes
S2± = i
∫ ∞
−∞
dt 〈ψ(A1)
p
Φ±|VˆAB |ϕ0Φ+〉 e−iε0t . (21)
They give rise to two incoherent contributions to the total
2CPI rate,R(bi)2 = R(bi)2+ +R(bi)2− , in analogy with Eq. (13).
Focusing on their main dependencies, these partial rates
can be written in the form
R(bi)2+ =
A202 (∆− ΩB)2
R6 [(∆− ΩB)2 + 4|W10|2]2
∞∑
n≥n0
Gn (22)
and a similar expression holding for R(bi)2− . Here, the
functions Gn contain all remaining dependencies.
From the structure of Eq. (22) we see that, exactly
on the resonance, the rate becomes independent of A02.
Thus, as a function of the resonant field amplitude, the
bichromatic 2CPI rate first increases likeA202 in the weak-
coupling regime where ΩB ≪ ΓB [see Eq. (20)], then
the growth reduces in the intermediate transition regime
(ΩB ≈ ΓB), and eventually saturation occurs in the
strong-coupling regime (ΩB ≫ ΓB).
C. Competing single-center processes
Below, we shall illustrate the relevance of two-center
ionization in a bichromatic laser field by way of several
examples. Before doing so, however, we should note that
atom A can also be ionized directly, i.e. without partic-
ipation of atom B. There are various channels for this
single-center ionization which compete with the 2CPI. If
they are too strong, they can mask the two-center ion-
ization.
In accordance with the usual strong-field approxima-
tion in the velocity gauge, the direct ionization of atom
A in the bichromatic laser field (14) can be described by
the amplitude
S1 = −i
∫ ∞
−∞
dt 〈ψ(A1+A2)
p
|Hˆint|ϕ0〉 e−iε0t , (23)
where ψ
(A1+A2)
p denotes a Volkov state in the bichromatic
field and the interaction Hamiltonian
Hˆint = Hˆ
(0) + Hˆ(1) + Hˆ(2) (24)
may be decomposed into contributions of increasing order
in the weak-field component:
Hˆ(0) =
1
c
A1 · pˆA + 1
2c2
A
2
1 (25)
Hˆ(1) =
1
c
(
pˆA +
1
c
A1
)
·A2 (26)
Hˆ(2) =
1
2c2
A
2
2 (27)
The bichromatic Volkov state can be written as
ψ(A1+A2)
p
= ψ(A1)
p
e−i
∫
[ 1c (p+
1
c
A1)·A2+ 1
2c2
A
2
2]dt
≈ ψ(A1)
p
[
1− i
∫
1
c
(
p+
1
c
A1
)
·A2 dt
]
where in the final step an expansion in powers of A2 has
been performed and terms of order O(A22) and higher
have been dropped.
These decompositions allow us to identify various
single-center ionization mechanisms in the amplitude
(23). First, it contains the amplitude for ionization of
atom A by the strong field A1 alone,
S
(0)
1 = −i
∫ ∞
−∞
dt 〈ψ(A1)
p
|Hˆ(0)|ϕ0〉 e−iε0t . (28)
Besides, there is a combined amplitude for ionization
which involves the strong field to all orders along with
one photon from the weak field,
S
(1)
1 = −i
∫ ∞
−∞
dt 〈ψ(A1)
p
|Hˆ(1)eff |ϕ0〉 e−iε0t , (29)
6with
Hˆ
(1)
eff = Hˆ
(1) +
i
c
∫ (
p+
1
c
A1
)
·A2 dt Hˆ(0) . (30)
In analogy with Eq. (10), the corresponding single-center
ionization rates are obtained from
R(ℓ)1 =
1
T
∫
V d3p
(2π)3
∣∣∣S(ℓ)1
∣∣∣2 , (31)
with the upper index ℓ ∈ {0, 1} denoting the order of A2
being involved. We emphasize that no quantum inter-
ferences between the amplitudes S
(ℓ)
1 arise, provided the
frequencies ω1 and ω2 are incommensurate.
Ionization pathways which involve the field A1 to-
gether with higher orders of the field A2 will not be
considered in the subsequent discussion. For the cho-
sen parameters, they can be estimated to give just a
small contribution to the single-center ionization. Nev-
ertheless, in our comparative discussion below, we shall
include ionization solely by the field A2. It may be cal-
culated approximately from the SFA amplitude
S
(2)
1 = −i
∫ ∞
−∞
dt 〈ψ(A2)
p
|1
c
pˆA ·A2 + Hˆ(2)|ϕ0〉 e−iε0t .
(32)
The corresponding rate R(2)1 , which follows from an ex-
pression analogous to Eq. (31), will serve us as a reference
value for comparisons with the other ionization mecha-
nisms.
Before moving on to the results section, two comments
are appropriate. First, it is possible to embed the two-
center ionization amplitude (21) and the single-center
ionization amplitude (23) into a common frame, which
makes their connection more transparent. Ionization of
atom A in a two-center system, which is subject to the
bichromatic field (14), can occur either through its cou-
pling to the field via the Hamiltonian (24) or through
the interatomic mechanism involving the dipole interac-
tion (4). The combined amplitude may thus be written
as
S12 = i
∫ ∞
−∞
dt 〈ψ(A1+A2)
p
Φf |
(
Hˆint + VˆAB
)|ϕ0Φ+〉 e−iε0t ,
where either f = + or f = −. Since Hˆint acts on atom
A only, this amplitude can be decomposed according to
S12 = i δf+
∫ ∞
−∞
dt 〈ψ(A1+A2)
p
|Hˆint|ϕ0〉 e−iε0t
+ i
∫ ∞
−∞
dt 〈ψ(A1+A2)
p
Φ±|VˆAB|ϕ0Φ+〉 e−iε0t ,
where δf+ = 〈Φf |Φ+〉. Hence, due to the orthogonality
of the field-dressed states, the first line of this equation
contributes only for f = +, and then it coincides with
the single-center amplitude (23). The second line gives
the two-center amplitude (21), where the additional ap-
proximation ψ
(A1+A2)
p ≈ ψ(A1)p has been applied because,
here, the coupling of the resonant high-frequency fieldA2
to the bound states of atomB is much more relevant than
its impact on the continuum state of atom A. While this
consideration shows that the single-center processes of
the current section can be treated with 2CPI in a unified
way, their separate calculation offers the advantage that
the relative importance of the various ionization mecha-
nisms can be compared with each other (see Sec. III).
Second, it is worth mentioning that also atom B can
be ionized in the presence of the bichromatic field, for
example, through resonant ionization by two-photon ab-
sorption from the high-frequency mode. This kind of
single-center process, however, is well known in the lit-
erature (see, e.g., [28]) and not within the scope of the
present paper. We are solely interested in the ioniza-
tion of atom A. Therefore, it only matters to us that
the ionization of the atoms B is not too strong, so that
their majority survives and can participate in the 2CPI
of atom A. Note that, in an experiment, electrons ejected
from atom B can be distinguished from those originating
from atom A by their different kinetic energies.
III. RESULTS AND DISCUSSION
We shall illustrate the results obtained in the previ-
ous section by some examples. Our general intention is
to see whether two-center ionization in bichromatic laser
fields can be a relevant ionization pathway in comparison
with the competing processes. To this end we shall con-
sider simplified, generic model systems for the two-center
atomic system. Each center is treated as an effective one-
electron atom, which is parametrized by an effective nu-
clear charge ZA and ZB, respectively. The charges will
be chosen in such a way to offer some similarity with real
atomic species. The interatomic displacement vector is
always taken along the z axis, R = Rez.
In our first model system we assume that a hydrogen
atom represents center B. During 2CPI the 1s → 2p
transition with ǫ1 − ǫ0 ≈ 10.2 eV is resonantly driven.
The partner atom A is supposed to have an ionization
potential which is larger than the excitation energy, but
smaller than the binding energy in hydrogen. These con-
ditions guarantee that (i) atom A cannot be ionized by
single-photon absorption from the resonant field and that
(ii) it is somewhat easier to ionize atom A than atom B,
since the latter process would reduce the number of two-
center systems which can contribute to 2CPI. We chose
an ionization potential of |ε0| ≈ 12.1 eV, corresponding
to ZA = 0.94. For simplicity, the ground state of atom
A is assumed to be describable by a 1s wavefunction. A
very simple prototype model for a two-center system is
established this way. To have a succinct name, we will
denote the system as “Xe-H-like” since the chosen ion-
ization potential coincides with the value in xenon.
The parameters of the second model are chosen to
mimick a really existing system more closely, taking a
He-Ne dimer as a reference. Helium represents the atom
7A, which is to be ionized from the ground state; the
effective nuclear charge is chosen as ZA = 1.345 to
match the binding energy |ε0| ≈ 24.6 eV of helium. To
model neon as the neighboring atomB, the resonant pho-
toexcitation is calculated from a 2p to a 3s state, with
ZB = 1.259 chosen in correspondence with the excita-
tion energy ǫ1− ǫ0 ≈ 16.85 eV in neon [30]. Our “He-Ne-
like” model system thus captures some basic features of a
real He-Ne dimer. Note that this van-der-Waals molecule
was used in the experimental studies of 2CPI [12]. In its
electronic ground state, the interatomic distance varies
between R ≈ 2–8 A˚, with the minimum of the potential
curve lying at the equilibrium distance Req ≈ 3 A˚ [31].
The frequency ω2 of the high-frequency field mode is
always chosen to be in exact resonance with the transi-
tion energy in atom B, which is lower than the binding
energy in atom A. Thus, in contrast to our previous
studies in [11] and the experiment in [12], the absorp-
tion of more than one photon is required. The ioniza-
tion potential of atom A can be surmounted either by
absorption of two (or more) high-frequency photons ω2.
Or in a genuinly bichromatic process by absorbing one
high-frequency photon together with a number of low-
frequency photons. The parameters in our model sys-
tems are chosen such that a single high-frequency photon
provides already a large fraction of the required energy.
The low frequency is supposed to satisfy the condition
ω1 ≪ ω2. Besides, it is assumed that no resonance is hit
in atomA while climbing the energy ladder−ε0+nω1+ω2
(n = 0, 1, 2, . . .) up to the continuum. For definiteness,
the polarization vector e of the exciting laser field (16)
will be taken along the x axis, throughout.
We mention that single-center photoionization in a
bichromatic laser field with ω2 . |ε0| was studied the-
oretically in [32]. Photoionization of single atoms and
ions in bichromatic laser fields with ω1, ω2 < |ε0| was
calculated more recently in [33]. Several experiments
on strong-field photoionization of atoms in bichromatic
laser fields were conducted, combining extreme ultravio-
let (xuv) or soft x-ray radiation with infrared or optical
laser beams. For example, nonresonant photoionization
of argon atoms by xuv high-harmonics in the frequency
range 17 eV . ω2 . 38 eV and an intense, near-optical
laser pulse (ω1 ≈ 1.5 eV, I ∼ 1012W/cm2) was observed
[34]. Related studies applied high-frequency radiation
from a synchrotron source [35] or free-electron laser [36]
in combination with optical laser fields.
A. Weak resonant field
Figure 2 shows the rates of various ionization channels
in our Xe-H-like two-center model system. The high-
frequency field component has a field strength of F02 =
1.9V/cm, corresponding to a Rabi frequency of ΩB ∼
3×10−10 a.u. which is by two orders of magnitude smaller
than the radiative decay width ΓB = 1.5 × 10−8 a.u.
of the excited 2p state in hydrogen. The amplitude of
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FIG. 2: Photoionization in a Xe-H-like system with ω1 =
1.8 eV, ω2 = 10.2 eV, and eA02 = 3.7 × 10
−6 eV (weak-field
case) at interatomic distance R = 10 A˚. Various ionization
channels are shown (from top to bottom): bichromatic 2CPI
[blue line, see Eq. (19)], bichromatic single-center PI [red line,
see Eq. (29)], monochromatic 2CPI in the field A2 [black line,
see Eq. (10)], monochromatic single-center PI in the field A1
[orange line, see Eq. (28)], and monochromatic single-center
PI in the field A2 [green line, see Eq. (32)].
the low-frequency field component is varied in Fig. 2; it
has a field strength of the order F01 ∼ 3.5 × 106V/cm,
corresponding to an intensity of ∼ 1010W/cm2.
Despite its small amplitude, the presence of the high-
frequency field leads to a strong enhancement of ioniza-
tion, both for the single-center processes (see red and
orange curves) and the two-center processes (see blue
and black curves). The high-frequency field alone is
not powerful, though, as it leads to a negligibly small
ionization rate (green curve). For the chosen parame-
ters, the bichromatic 2CPI rate R(bi)2 [cf. Eq. (19)] is
by far the largest. Since the ionization requires two low-
frequency photons ω1 to be absorbed along with one high-
frequency photon ω2, it scales with ∼ A401 and exceeds
both the bichromatic single-center ionization rate R(1)1
[cf. Eq. (29)] as well as the monochromatic 2CPI rate
R(m)2 [cf. Eq. (10)] in the resonant field A2 by several
orders of magnitude. The latter rate relies on the ab-
sorption of two high-frequency photons ω2, in total.
The monochromatic 2CPI rate lies eight orders of mag-
nitude above the monochromatic single-center rate R(2)1
in the field A2 [cf. Eq. (32)]. In our previous studies
[11], a ratio between the two-center and corresponding
single-center PI rates of roughly [c/(ω2R)]
6 was found,
which is in good agreement with the current data.
To ionize atom A solely by absorption from the low-
frequency field mode, at least n0 = 7 photons ω1 are
required to overcome the ionization potential. The
corresponding monochromatic ionization rate R(0)1 [cf.
Eq. (28)] in Fig. 2 scales approximately with ∼ A1501, indi-
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FIG. 3: Photoionization in a He-Ne-like system with ω1 =
1.7 eV, ω2 = 16.85 eV, and eA02 = 3.7 × 10
−5 eV (weak-field
case) at interatomic distance R = 5 A˚. The various ioniza-
tion channels are distinguished by the same color coding as
in Fig. 2.
cating that the main contributions stem from n = 7 and
8 photons. Note in this context that the ponderomo-
tive energy Up ∼ 1meV is very small. Accordingly, the
Keldysh parameter γ =
√|ε0|/2Up ∼ 80 is large and the
ionization occurs in the perturbative multiphoton regime.
Our second model system is shown in Fig. 3. Since
the binding energy of helium is twice as large as in
xenon, the applied vector potentials are chosen to be
larger by one order of magnitude than before, corre-
sponding to field strengths F01 ∼ 3.2 × 107V/cm and
F02 ∼ 30V/cm, respectively. As before, the Keldysh pa-
rameter γ ∼ 35 indicates perturbative multiphoton ion-
ization and ΩB ≪ ΓB implies weak coupling between
atom B and the resonant field component. The inter-
atomic distance is chosen to lie in the middle of the rel-
evant range mentioned above.
The bichromatic 2CPI rate R(bi)2 is again the largest.
Ionization via this channel requires at least five low-
frequency photons ω1 in addition to one high-frequency
photon ω2. To a good approximation, the rate shows
a scaling with ∼ A1101. It exceeds the bichromatic single-
center PI rateR(1)1 by more than six orders of magnitude.
In comparison with Fig. 2 we see that the monochro-
matic 2CPI channel has become relatively more impor-
tant. This is because, even though both field ampli-
tudes are enlarged, the probability to absorb a second
high-frequency photon has grown more strongly than
the probability to absorb the required photons from the
low-frequency field, since their number has increased.
For similar reasons, the monochromatic PI in the high-
frequency field A2 is much stronger than the monochro-
matic PI in the low-frequency field A1. The latter re-
quires absorption of a large number of 15 photons and is,
thus, heavily suppressed in the multiphoton regime.
B. Strong resonant field
We now turn to the case of strong laser-atom coupling
with ΩB ≫ ΓB. Figure 4 shows our corresponding results
for the first model system. For the chosen amplitude
of the resonant field component, the Rabi frequency is
larger by an order of magnitude than the radiative width.
As compared with Fig. 2, the 2CPI rates R(bi)2 and R(m)2
have increased by several orders of magnitude, accord-
ingly. Note, however, that the increase of R(m)2 is less
than suggested by a ∼ A402 power-law scaling, which in-
dicates the saturation occurring in the strong-coupling
regime. Conversely, despite the saturation effect, the
bichromatic rate R(bi)2 has grown more than suggested
by a ∼ A202 scaling [see Eq. (20)]. This is because the
parameters of the low-frequency field A1 have distinctly
changed in comparison with Fig. 2. They now corre-
spond to an enlarged intensity of ∼ 1012W/cm2 and a
ponderomotive potential of Up ≈ 10–17 eV. The latter in-
creases the energy threshold for ionization substantially.
The absorption of at least n0 ∼ 50 photons ω1 from the
strong field component, in addition to one high-frequency
photon ω2, is required to reach the continuum.
The saturation effect is also responsible for the cir-
cumstance that the relative enhancement factor between
the monochromatic two-center and single-center ioniza-
tion channels, R(m)2 /R(2)1 ∼ 105, is less than in Fig. 2.
This is a general result, which was also obtained in [11]:
While the absolute magnitude of 2CPI rates is enlarged
in the strong-coupling regime, the relative enhancement
as compared with the competing single-center ionization
channel is reduced. Also the ratio of the bichromatic
rates has decreased to R(bi)2 /R(1)1 ∼ 103. Nevertheless,
for the parameters chosen in Fig. 4, the bichromatic 2CPI
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FIG. 4: Photoionization in a Xe-H-like system with ω1 =
0.3 eV, ω2 = 10.2 eV, and eA02 = 3.7 × 10
−3 eV (strong-field
case) at interatomic distance R = 10 A˚. The various ioniza-
tion channels are distinguished by the same color coding as
in Fig. 2.
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FIG. 5: Photoionization in a He-Ne-like system with ω1 =
0.85 eV, ω2 = 16.85 eV, and eA02 = 3.7 × 10
−2 eV (strong-
field case) at interatomic distance R = 5 A˚. The various ion-
ization channels are distinguished by the same color coding
as in Fig. 2.
rate is still by far the largest.
Regarding the monochromatic single-center PI rate
R(0)1 , we note that at least n0 ∼ 85 low-frequency pho-
tons ω1 are required to overcome the ionization threshold.
The Keldysh parameter of γ ∼ 0.7 implies that the cou-
pling with the field A1 is situated in the nonperturbative
regime of above-threshold ionization.
Figure 5 illustrates the strong-coupling regime for our
He-Ne-like model system. For the chosen parameters,
the resulting ionization rates quite closely resemble the
ones in Fig. 4, exhibiting the same relative order. In
particular, the bichromatic 2CPI rate R(bi)2 is the largest;
it dominates over the other rates by at least two orders
of magnitude. In comparison with Fig. 3, the rate R(bi)2
has strongly increased by eight orders of magnitude. The
same holds for the monochromatic 2CPI rateR(m)2 , which
now lies three orders of magnitude above the single-center
rateR(2)1 in the field A2. Regarding the single-center rate
R(0)1 in the field A1, we note that about n0 ∼ 45 low-
frequency photons must be absorbed at least, with the
Keldysh parameter γ ∼ 1 indicating the above-threshold
regime as before.
IV. CONCLUSION
Photoionization of two-center atomic systems in strong
laser fields has been considered. The ionization occured
through resonant photoexcitation with subsequent radi-
ationless energy transfer to the neighboring atom, com-
bined with additional multiphoton absorption to over-
come the ionization threshold. The case of monochro-
matic fields was treated to establish a direct generaliza-
tion of earlier studies on 2CPI with single-photon absorp-
tion to the multiphoton regime at higher field intensities.
Ionization rates large enough to be measured in experi-
ment are difficult to achieve in this scenario, though.
Therefore, the focus was laid on 2CPI in bichromatic
fields, consisting of a weak resonant field component and
a rather strong low-frequency component which allows
for sizeable multiphoton absorption. Various laser-atom
interaction regimes were studied. The relative enhance-
ment of strong-field 2CPI over the competing single-
center process is particularly high when the coupling to
the resonant field is relatively weak (ΩB ≪ ΓB). How-
ever, larger absolute 2CPI yields can be achieved in the
opposite regime of strong coupling where the resonant
field-induced energy shift exceeds the natural line width
of the excited state. Also for the low-frequency field
component various interaction strengths were analyzed,
ranging from the perturbative multiphoton domain to the
nonperturbative regime of above-threshold ionization.
Numerical calculations to illustrate the effects were
performed on the basis of generic two-center model sys-
tems which, despite their relative simplicity, still enable
one to capture the essential physics of 2CPI in strong-
laser fields. Our general predictions on largely enhanced
ionization yields might be tested experimentally by using
as real system, for instance, He-Ne dimers in the presence
of a weak soft-xuv beam, which is in resonance with a
dipole transition in neon, and a moderately strong (near-
)optical laser field.
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